Masquerading organisms appear to closely resemble inedible and generally inanimate objects, such as twigs, leaves, stones, and bird droppings. It has recently been demonstrated that masquerading prey gain protection from predation by being misclassified as inedible objects by their predators. Here, we present the first experimental test of the requirements of effective masquerade. Specifically, we explore whether masquerading prey need to be very similar in size to the ''model'' objects that they appear to resemble. Using domestic chicks as predators of twig-mimicking caterpillars, we find that matching a model object in size increases protection from predation; however, similarity of appearance without size matching still affords some protection. This study helps to explain why masquerading prey often resemble objects that are inherently variable in size (e.g., twigs, leaves, and stones) and has important implications for the evolution of masquerade as an antipredator defense.
and Wallace (1889) , through the phenomenon of industrial melanism (Howlett and Majerus 1987) , to recent work on protective mimicry (Mappes et al. 2005 ) and disruptive patterning (Cuthill et al. 2005) , adaptive coloration has proved a stimulating and useful test bed for evolutionary thinking. Organisms are under strong selection to avoid predators and to capture prey, and understanding how animals' visual appearances are adapted in response to these pressures continues to stimulate evolutionary theory (Stevens and Merilaita 2009) . While the function of crypsis, aposematism, and mimicry are intensively studied (Ruxton et al. 2004) , one aspect of adaptive coloration has been almost completely ignored: masquerade, in which an organism evolves to resemble an inanimate object, such as a leaf, twig, or stone .
Examples of masquerade can be found in a diverse array of taxa: Plants from the genus Lithops look remarkably like stones; stick insects can be mistaken for the twigs of the branches on which they sit; the spider Ornithoscatoides decipiens closely resembles bird droppings; birds from the family Nyctibiidae bear an uncanny likeness to tree stumps; and several species of mantids, fish, and frogs appear almost indistinguishable from leaves (for further examples, see Cott 1940; Edmunds 1974) .
For many years, masquerading prey were assumed to avoid predation by being misclassified as inedible objects by their predators (see Allen and Cooper 1985 for an overview), but only recently has this been demonstrated empirically (Skelhorn, Rowland, Speed, et al. 2010) . In order to conclude that an organism truly benefits from masquerade, it must be demonstrated that a predator has detected and subsequently misclassified the prey organism as some nonfood component of the predator's environment. If a predator simply fails to detect the organism, it is said to benefit from crypsis rather than from masquerade (Endler 1981; . In a recent experiment, we demonstrated that predators misclassify masquerading prey as the inedible models that they appear to resemble rather than simply fail to detect them. By manipulating the predators' previous experience of the putative model (a twig) but keeping their exposure to the masquerader (a caterpillar) the same, we were able to show that birds that had previous experience with twigs were slower to attack twig-mimicking caterpillars than those that had either had no experience with twigs or those that had experience only with twigs whose appearance had been changed so that they no longer resembled the caterpillars (Skelhorn, Rowland, Speed, et al. 2010) .
Having identified that masquerade provides protection from predators, it is essential to understand the mechanism of defense. Specifically, there is currently no empirical exploration of the properties of an individual that make it an effective masquerader beyond the general concept of visual similarity. Here, we focus on one simple but generally applicable trait that is likely to be influential in masquerade: size. We ask whether a masquerading animal is required to match the objects that it resembles (hereafter, ''the model'') in size. It is reasonable to assume that an otherwise visually matching organism could be more easily differentiated from model objects if it occurs at a size that never or rarely occurs in the model. We explored this possibility using the same experimental system in which masquerade has recently been demonstrated (Skelhorn, Rowland, Speed, et al. 2010) . Domestic chicks Gallus gallus domesticus were used as predators, and twigmimicking caterpillars of the Early Thorn Moth Selenia dentaria were masquerading prey. We tested the prediction that predators with experience of twig models of the same size as the caterpillars would be slower to attack caterpillars than those with experience of twigs that were either larger or smaller than the caterpillars. Furthermore, we predicted that this size effect would only occur when the caterpillars visually resembled the twigs and not when the visual appearance of twigs was changed, such that they no longer resembled the caterpillars.
MATERIALS AND METHODS

Subjects and housing
Sixty-five female domestic chicks of the ''brown shaver'' strain (Gallus gallus domesticus) were purchased from a commercial hatchery on the day they hatched. They were housed in cages measuring 120 3 50 3 50 cm and were subject to a 14:10 h light:dark daily cycle using uncovered florescent lights with full daylight spectrum. The temperature of the laboratory was maintained at 25-28°C using a room heater. Water was provided ad libitum, as were chick starter crumbs, except during training and experimenting when food deprivation was necessary. Chicks also received mealworms Tenebrio molitor twice a day in their home cages. All deprivation periods were in accordance with home office regulations and guidelines. At the end of the experiments, chicks were donated to a freerange small holding.
Prey species
We used larvae of the Early Thorn Moth S. dentaria as prey in our experiment. This species looks remarkably like the twigs of their host plants (see photo in Skelhorn, Rowland, Speed, et al. 2010 and see http://ukmoths.org.uk/show.php?id¼2743) and is commonly believed to benefit from masquerade (Porter 1997) . They are widely distributed across the United Kingdom and feed on Hawthorn Crataegus monogyna, Blackthorn Prunus spinosa, and a number of other deciduous trees (Porter 1997) . The larvae were obtained by rearing eggs of mated females caught using light-traps, allowing these caterpillars to pupate, and mating the resulting adults. The larvae were reared in clear plastic containers and were fed on freshly cut Hawthorn. The containers were housed in a room lit by natural daylight between June and July of 2009. We used third instar larvae in the experiment: Individuals measured approximately 2.5 cm in length.
Training
On day 1 posthatch, chicks were left to acclimatize to the laboratory. On the following day, 48 chicks were trained to eat chick starter crumbs from the white laminated cardboard floor of an experimental arena. Two identical arenas were used, each consisting of a cage identical to the housing cages, with a section measuring 20 3 50 3 50 cm partitioned off using wire mesh to create a separate ''buddy arena.'' In all training and experimental trials, 2 chicks were placed in the buddy arena to reduce any potential distress from placing experimental chicks alone in the arena. These buddy chicks were selected from a stock of 17 individuals and were changed every 3 trials. These chicks were housed separately from experimental chicks and were not given access to insect prey at any point during the experiment.
On day 2, chicks underwent 6 training trials at regular intervals throughout the day. In all trials, chick crumbs were scattered over the floor of the experimental arena, and chicks were then placed in the arena for an interval of 3 min. In the first 2 trials, chicks were placed in the arena in groups of 3; in the following 2 trials, chicks were placed in the arena in groups of 2, and in the final 2 trials, chicks were placed in the arena individually. By the end of trial 6, all chicks were eating crumbs in the arena.
Experience manipulation trials
On day 3, chicks were divided into 6 groups, each containing 8 individuals. Birds in all groups received four 2-min trials in which they were placed in the experimental arena individually. In the experimental arena, birds encountered a Hawthorn branch measuring approximately 20 cm in length and containing between 8 and 12 twigs. Two groups encountered branches with small twigs (1 cm 1/20.3 cm in length), 2 groups received branches with medium twigs (2.5 cm 1/20.3 cm in length), and 2 groups received branches with large twigs (4 cm 1/20.3 cm in length). For ease of presentation, these groups will be called small, medium, and large branches, respectively, but note that these descriptions refer to the size of the twigs on the branches, not the size of the branch itself, which was similar across all groups. Three of the groups trained on each twig size received unmanipulated branches, and the remaining 3 groups received manipulated branches. Manipulated branches were bound in purple cotton thread to change their visual appearance without influencing their odor (see Skelhorn, Rowland, Speed, et al. 2010 for a photograph of a manipulated branch). The branch was placed in the center of the arena, and the latency to peck the branch and the number of times the chick pecked the branch in each trial were recorded. Chicks were trained in a random order across the 6 groups. Importantly, the 6 different types of stimulus were equally as interesting to the chicks and received similar investigation from them ( Figure 1 ). The mean number (1/2 SEM) of times that birds pecked the training stimulus in each of the 4 training trials. Twigs were either small (Sm), medium (Med), or large (Lg). Birds given unmanipulated branches and those given manipulated branches (Man) did not differ significantly in either their latency to peck the first branch (Kruskal-Wallis test, v 2 ¼ 2.50, P ¼ 0.78, df ¼ 5, see Figure 1a ) or in the total number of times they pecked the branches across the 4 trials (Kruskal-Wallis test, v 2 ¼ 1.18, P ¼ 0.95, df ¼ 5; see Figure 1b ). This demonstrates that binding branches in colored thread did not influence birds' willingness to peck them or their motivation to peck them.
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Testing
On day 4, birds received a single testing trial. A single Early Thorn larva was placed in the experimental arena, 15 cm from buddy arena and 25 cm from arena wall. Birds were food deprived for 30 min and were then placed in the experimental arena. They were positioned 15 cm away from the larva and 30 cm away from the buddy arena and were orientated so that they were facing the larva. The test stimulus (the caterpillar) was similar for every predator, and predators only differed systematically in their previous experience of twigs. Caterpillars were selected from our stock to be similar in size to the medium-sized twigs, which had been experienced by 2 of the predator groups. Caterpillars were refrigerated before use, which prevented them moving during the experiment. The latency to peck the caterpillar and the time from first peck to consumption (hereafter ''handling time'') were recorded.
Statistical analysis
We used Kruskal-Wallis tests to explore the following a priori predictions: 1. Birds trained with unmanipulated branches would take longer to attack and to handle caterpillars than those trained on manipulated branches. That is, we predict that the caterpillars will only benefit from masquerade when chicks have previous experience of normal-looking twigs. 2. Birds trained on medium unmanipulated branches would take longer to attack and to handle caterpillars than those trained on either small or large unmanipulated branches. That is, caterpillars will benefit more from masquerade when they are the same size as the model. 3. Birds trained on small unmanipulated branches and those trained on large unmanipulated branches would not differ in the time taken to attack and to handle caterpillars. We expect this because the difference in size between caterpillars should be sufficient to reduce the benefits of masquerade. 4. Birds trained on medium manipulated branches would take a similar amount of time to attack and to handle caterpillars as those trained on both small and large manipulated branches and that those trained on large manipulated branches would not differ from those trained on small manipulated branches. That is, in the absence of masquerade, branch size will not influence chicks' decisions to attack caterpillars.
RESULTS
Attack latencies
The latency to attack the caterpillar differed among our experimental groups (Kruskal-Wallis test, v 2 ¼ 35.17, P , 0.001, degrees of freedom [df] ¼ 5; see Figure 2a ). In line with our previous experiment, birds trained with unmanipulated branches took significantly longer to attack the caterpillar than those trained on manipulated branches (Mann-Whitney test, U ¼ 7.5, P , 0.001, n ¼ 48), suggesting that predators misclassify twig-mimicking caterpillars as twigs but only if they have previous experience of visually unmanipulated twigs (Skelhorn, Rowland, Speed, et al. 2010) .
In the crucial test of our hypothesis, we compared birds' responses with masquerading prey that were the same size as the model with birds' responses to masquerading prey that differed in size from the model. As predicted, birds trained on medium-sized unmanipulated branches (the same size as the caterpillars) took significantly longer to attack the caterpillar than those trained on either small or large unmanipulated branches (Mann-Whitney test, U ¼ 23.50, P ¼ 0.013, n ¼ 24). This clearly demonstrates that organisms gain more protection from masquerade when they are the same size as the inanimate objects that they resemble than when they differ in size. Birds trained on small unmanipulated branches and those trained on large unmanipulated branches did not differ significantly in the time taken to attack the caterpillar (Mann-Whitney test, U ¼ 26.00, P ¼ 0.528, n ¼ 16).
In contrast, birds trained on medium-sized manipulated branches did not differ significantly in the time taken to attack the caterpillar from those trained on small and large manipulated branches (Mann-Whitney test, U ¼ 62.00, P ¼ 0.902, n ¼ 24), and those trained on small branches did not differ from those trained on large branches (Mann-Whitney test, U ¼ 29.50, P ¼ 0.79, n ¼ 16). This suggests that in the absence of masquerade, the size of the twigs found on the branches used in training did not influence birds' decisions to attack masquerading prey.
Handling times
Handling times (the time between first peck and consumption) also differed among our experimental groups (Kruskal-Wallis test, v 2 ¼ 35.58, P , 0.001, df ¼ 5; see Figure 2b ). Birds trained with unmanipulated branches handled prey for significantly longer than those trained on manipulated branches (Mann-Whitney test, U ¼ 0, P , 0.001, n ¼ 48). However, contrary to our predictions, twig size did not influence the time birds took to handle the caterpillars. Birds trained on medium unmanipulated branches did not differ significantly in the time taken to handle the caterpillar from those trained on small and large unmanipulated branches (Mann-Whitney test, U ¼ 52.50, P ¼ 0.49, n ¼ 24), and those trained on small unmanipulated branches did not differ from those trained on large unmanipulated branches (Mann-Whitney test, 
DISCUSSION
The results of this experiment are consistent with our previous findings that masquerade functions to promote misidentification of the masquerading organism (Skelhorn, Rowland, Speed, et al. 2010 ). However, this experiment extends these findings in 2 important ways. First, we found that masquerading prey gain more protection from predation when they are the same size as their models compared with when they are either larger or smaller than their models. Second, we found that birds misclassified masquerading prey as their models, even when models and masqueraders differed in size. This demonstrates that imperfect masqueraders can benefit from masquerade and helps to explain the initial evolution of masquerade. The birds in our experiment took longer to attack masquerading prey when they were the same size as their models compared with when they were either larger or smaller than their models. However, this effect of size was only seen when caterpillars visually resembled their models and not when the visual appearance of branches had been manipulated by binding them in colored thread. This demonstrates that birds were more likely to misclassify masquerading prey as their models when masqueraders and models were the same size. Birds clearly learned and retained information about twig size and used this information when making decisions about whether or not caterpillars should be classified as twigs. This suggests that size is an important parameter used to identify objects and that selection will favor the evolution of accurate resemblances between masqueraders and their models.
An animal's size will necessarily limit how effective masquerade is as a defense strategy and will influence whether or not masquerade will evolve and what type of models masquerading prey can mimic. The ability to produce a good size match to models may vary over ontogeny, which likely explains the observation that model objects (e.g., stones, twigs, sticks, leaves, animal droppings) are typically variable in size. Twig-mimicking caterpillars may provide interesting examples of this. Because caterpillars change dramatically in size during development, often without changing their host food plant, it is essential that plants should possess twigs of a variety of sizes, ranging from those the same size as the earlier instars to those the same size as later instars. However, if appropriate models are not available to all instars, animals could use an alternative strategy: Changing their defense strategy when models of the appropriate size become scarce. For example, the caterpillars of both the Alder Moth Acronicta alni and the Swallowtail Butterfly Papilio machaon resemble bird droppings in the early instars of development but exhibits aposematic coloration in later instars (Rothschild 1971; Tullberg et al. 2005) . Comparative analyses of caterpillars that use and do no not use twig-mimicking masquerade would allow exploration of whether the advantages of size matching appear to be influential either in host-plant selection, the growth trajectory and final size at pupation of caterpillars, and any ontogenetic change in defense strategy.
Intriguingly, the benefit of size matching was only seen in the initial latency to peck at the caterpillar (Figure 2a) but not in how the caterpillar was handled afterward (Figure 2b) . Therefore, size seems to be an important factor in the decision to attack the prey item but not in the subsequent decision to consume. It is not clear why this should be the case, although one potential explanation for this is that when birds can be sure that caterpillars are not twigs based on their appearance, postattack decisions to consume prey are primarily based on preys' visual signals. However, when visual cues are unreliable, birds' decisions to consume prey are primarily based on taste and/or tactile cues and are independent of preys' visual signals.
Although masquerade is clearly more beneficial when prey are the same size as their models, we found that masquerading prey need not match the model in every visual aspect in order to gain some advantage from masquerading. Even when models and masquerading prey differed in size, predators still (although to a lesser degree) misclassified them as their models: Birds with experience of small and large unmanipulated branches took longer to attack masquerading prey and handled them for longer than those with experience of small and large manipulated branches. This helps to explain the initial evolution of masquerade because even the initial imperfect masquerading mutants are likely to have gained some protection from their limited resemblance to inanimate objects.
From the predators' point of view, our results are consistent with those made by signal detection models of optimized predator decision making (Gendron and Staddon 1983; Greenwood 1986; Getty 1987) . In these models, predators seek to maximize the number of correct responses (attacking masquerading prey and ignoring their models) and minimize incorrect responses (ignoring edible prey and attacking inedible objects), given knowledge about the variability of masqueraders and their models and about their relative abundances and the costs and benefits of attacks on the different types. Qualitatively, signal detection theory would predict our observation of higher attack rates on the medium-sized caterpillars that deviated most in size from their (large or small branch) models. Signal detection theory is also capable of making quantitative predictions about optimal attack rates on masquerading prey, and this remains an exciting area for future research.
While our experiment focuses on understanding how prey size affects the probability that predators will misclassify masquerading prey as their models, masquerading prey are likely to gain additional benefits from being the same size as their models. Size may directly affect the probability that a masquerading prey gains attention in the first place. If a caterpillar is much larger (or perhaps much smaller) than the twigs that it otherwise resembles and which form an important part of the background against which it is viewed (unlike in our experimental arenas), then it may be more likely to attract attention from passing predators-so called oddity selection (see Mueller 1971 and references therein) . In this sense, size can affect crypticity, defined as the probability that a predator does not detect a prey, as well as masquerade, the probability that the prey is misclassified as an inedible object after it has been detected.
Finally, our results may also be relevant to the study of Batesian mimicry, where profitable prey species visually resemble toxic or otherwise unprofitable species (Cott 1940 , Endler 1981 . Laboratory-based experiments have demonstrated that avian and human observers assess the degree of similarity between models and mimics differently (Dittrich et al. 1993) , and (by modeling birds' responses in these experiments) Bain et al. (2007) were able to identify some of the morphological features that bird use when assessing the similarity between models and mimics. Our experimental protocol provides a complementary approach to assess what features predators rely on to identify and classify prey, and our results suggest that Batesian mimics will benefit more from mimicry when they are a similar size to the defended model species that they resemble. Skelhorn et al. • Size-dependent masquerade 1347
In summary, we have shown that masquerading prey benefit from being the same size as their models. However, our results clearly show that a perfect match to recently experienced models in this trait is not essential in order to gain some benefit from masquerade. Not only does this help us to understand the potential restrictions on when animals can evolve masquerade but it also demonstrates that the initial masquerading mutants did not need to be perfect in their resemblance to models. Masquerade appears subtle and complex in its effects on predator behavior and offers a powerful tool for exploration of the cognitive (as opposed to sensory) processes involved in prey detection, selection, and processing.
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